Journal of

Materials Chemistry C

Accepted Manuscript

This is an Accepted Manuscript, which has been through the
Royal Society of Chemistry peer review process and has been
accepted for publication.

2013 | Pages 1-100

Journal of

Materials Chemistry C

d electronic devices

Accepted Manuscripts are published online shortly after
acceptance, before technical editing, formatting and proof reading.
Using this free service, authors can make their results available

to the community, in citable form, before we publish the edited
article. We will replace this Accepted Manuscript with the edited
and formatted Advance Article as soon as it is available.

You can find more information about Accepted Manuscripts in the
Information for Authors.

Please note that technical editing may introduce minor changes

to the text and/or graphics, which may alter content. The journal's
standard Terms & Conditions and the Ethical guidelines still

apply. In no event shall the Royal Society of Chemistry be held
responsible for any errors or omissions in this Accepted Manuscript
or any consequences arising from the use of any information it
contains.

ROYAL SOCETY
&cnzmsmv

ROYAL SOCIETY .
OF CHEMISTRY www.rsc.org/materialsC


http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/

Page 2 of 23 Journal of Materials Chemistry C

Columnar Self-assembly of Star-shaped Luminescent

Oxadiazole and Thiadiazole derivatives’

Suraj Kumar Pathak#, Ravindra Kumar Gupta#, Subrata Nath#, Doddamane S. Shankar Raoi, S. Krishna
Prasad® and Ammathnadu S. Achalkumar* *

#Department of Chemistry, Indian Institute of Technology Guwahati, Guwahati, 781039, Assam, India.
*Centre for Nano and Soft Matter Sciences, Jalahalli, P. B. No. 1329, Bangalore, 560013, India.

tDedicated to Late Prof. S. Chandrasekhar

KEYWORDS. 1,3,4-thiadiazole, 1,3,4-oxadiazole, Col, phase, star-shaped molecule, Discotic liquid crystals

A new class of blue light emitting liquid crystalline star-shaped molecules based on 1,3,4-thiadiazoles
have been designed and synthesized. These compounds were investigated by polarizing optical
microscopy, differential scanning calorimetry, X-ray diffraction, cyclic voltammetry and photophysical
studies. In comparison to their 1,3,4-oxadiazole counterparts, these thiadiazole based molecules are
promising as they stabilize the hexagonal columnar phases over a broad thermal range. Thermal
behavior and photophysical properties of these new star shaped molecules are extremely dependent on
the number and types of peripheral tails in the molecular structure. 1,3,4-thiadiazole derivatives exhibit
sky blue emission in solution in comparison to the deep blue emission of 1,3,4-Oxadiazole derivatives.
They also exhibit lowered band gap in comparison to their oxadiazole counterparts and are promising
for applications in organic light emitting diodes.

Introduction

Spontaneous self-assembly of shape anisotropic molecules into liquid crystalline (LC) phase/s is a
subject that is attracting a great deal of curiosity in recent years. This unique combination of the order
and fluidity in LC state is very important from the viewpoints of basic research as well as application.’
Reinitzer’s discovery of this phenomenon in cholesterol benzoate (calamitic/rod-like molecule) in 1888,
arouse the curiosity of scientific community2 and almost after a century, calamitic LCs became mainstay
of display technology.’ Discovery of discotic LCs (DLCs) by Chandrasekhar er. al.* in 1977 provided
altogether a new dimension and the research in last four decades on DLCs is promising a bright
potential in the area of organic electronics.” These disc like molecules either align with long range
orientation to stabilize nematic (N) phase or stack one above the other to form columnar (Col) phase.1
Discotic nematic materials have been used in the fabrication of optical compensation films for wide
viewing angle liquid crystal displays (LCDs)® and also tested as active components in LCD devices.”*
Columnar phases formed from the strong overlap of central discotic cores with the insulating mantle of
peripheral tails can act as molecular wires and may help in one-dimensional (1D) charge migration.9
This property is of importance in the fabrication of optoelectronic devices like organic photovoltaic
(OPV) cells, organic light emitting diodes (OLEDS),11 organic field effect transistors (OFETs)lZ, gas
sensors'” and lubricants."

The general design template of DLCs include the combination of a central rigid core connected
to peripheral tails with the linking groups.'” The central core is chosen in such a way that it can be
either electron rich (p-type) or electron deficient (n-type) depending on the requirement. Recently there
is a surge in the introduction of heterocylces in the molecular architecture due to the immense variety of
the structures available and the tunability in the properties.15 Presence of hetero atoms like N, O ans S in
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the molecular structure impart reduced symmetry and a strong polar induction (lateral and/or
longitudinal dipoles). When the electron deficient heterocylic rings are attached to aromatic rings, it
leads to donor-acceptor interactions within the molecules. All these properties in turn affect the
electronic and mesophase behavior. '>* Hence mesogenic heterocyclic derivatives finding a strong
foothold in the area of OLEDs as they provide a wide choice luminescence colors. They also enable
polarized emission from oriented mesogens.16 1,3,4-Oxadiazoles are one such class of heterocycles,
which are known for their advantageous features like hydrolytic, thermal stability and resistance to
oxidative degradation. They are also known for their high fluorescence quantum yield and electron
transporting properties. Because of these properties they are widely used as electron transporting/hole
blocking and emissive layers in OLEDs.”"” Liquid crystalline oxdiazole derivatives have been
extensively explored over the years. A vast number of 1,3,4-oxadiazole based calamitics,18 discotics,19
polycatenars,zo V-shaped mesogens,m supramolecular LCs,”' ionic LCs,” bent core mesogens,23
dimeric** and polymeric” mesogens have been reported. Besides the inherent advantages with
oxadiazole based mesogens, there are certain drawbacks like high melting point, clearing point and
narrow mesophase range which limits their applications.26 1,3,4-thiadiazoles are analogues of 1,3,4-
oxadiazole derivatives where the oxygen atom is replaced with sulfur. This leads to very different
properties to 1,3,4-thiadiazole derivatives, like higher melting and clearing temperatures, higher
viscocity, efficient packing and larger dipole moments.'>?’ The larger atomic size of the sulfur in the
case of hexahexylthiotriphenylene (HHTT), imparted an increased order in columnar packing and thus
enhanced conductivity in comparison to hexaallkoxytriphenylene.28 Compared to a large number of
1,3,4-oxadiazole based mesogens, reports on 1,3,4-thiadiazole based mesogens are scarce. This is partly
due to the synthetic difficulty and low yields. Very few reports on calamitic mesogens,29 banana
mesogens30 , hydrogen bonded LCs,™! polymeric,32 and polycatenars 26-33 pased on 1,3,4-thiadiazole are
found in literature. Very recently there was a report on the synthesis of disk-like molecule bearing 1,3,4-
thiadiazole unit stabilizing Col phase.

As part of our research program on the synthesis of luminescent LCs, we were interested to
synthesize 1,3,4-oxadiazole and 1,3,4-thiadiazole based DLCs to understand their structure-property
relationship. We wanted to optimize a simple route for the realization of hither to unreported 1,3,4-
thiadiazole based DLCs. Since a common intermediate is used, we could prepare some of the 1,3,4-
oxadiazole based DLCs. " In this paper we report the syntheses, characterization and thermal behavior
of 1,3,4-oxadiazole and 1,3,4-thiadiazole based star shaped LCs (Fig. 1).

Results and discussion

Synthesis and Characterization. The synthetic route for the preparation of the target molecules and their
precursors is depicted in scheme 1. General procedures for the syntheses of ethyl gallate, 3,4,5-trialkoxy
ethyl gallates ethyl 3,4-dialkoxy benzoate are same as reported earlier.”™ These alkoxy esters (5a-d)
obtained by Williamson’s protocol were converted to their respective hydrazides (4a-d) by treating with
hydrazine hydrate in ethanol or n- butanol as solvent.*”** Hydrazides 4a-d were then refluxed with trimesic
acid chloride in THF in presence of triethylaine to obtain tri-N-benzoylbenzohydrazides 3a-d."™
Compounds 3a-d were subjected to POCI; mediated dehydrocyclization to obtain trioxadiazoles 1a-d.'*
Similarly compounds 3a-d on refluxing with Lawesson’s reagent™ " in toluene yielded corresponding
trithiadiazoles 2a-d.”' Use of P,Ss did not provide good yield because of the incomplete reactions. The
structures of all the intermediates and target molecules were confirmed using 'H NMR, Bc NMR, IR
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Figure 1. The molecular structures of star shaped 1,3,4-oxadiazole and 1,3,4-thiadiazole derivatives

Scheme 1. Synthesis of 1,3,4-oxadiazole and 1,3,4-thiadiazole based star shaped LCs.”
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| (iv)

1a: R1 = Rg = H, R2 = n-C10H21
1b: R1 = R2 = n—C10H21, Rg =H

1c: R1 = R2 = R3 = n-C10H21

1d: Ry = R, = R3 = 2-ethyl hexyl

2a: R1 = R3 = H, R2 = n-C10H21
2b: R1 = R2 = n—C10H21, R3 =H

2c: R1 = Rg = Rg = n—C10H21

2d: Ry = Ry = R3 = 2-ethyl hexyl

(i) NH,NH,.H,O0, Ethanol or butanol, reflux, 48 h (65-80%); (ii) Trimesic acid chloride, THF, Triethylamine, 6 h, reflux;
(iii) POCl;, reflux, 17 h (31-36%); (iv) Lawesson's reagent, toluene, reflux, 17 h (31-49%).



Journal of Materials Chemistry C Page 5 of 23

spectroscopy and ESI-HRMS or MALDI-TOF analysis. The 'H NMR spectra of oxadiazole derivatives
1a-d exhibited low field signals to aromatic hydrogens in comparison to their thiadiazole derivatives 2a-
d. The >C NMR of oxadiazole derivatives exhibited signals at & values 166 ppm and 163 ppm for the
carbons in heterocycle in comparison to the 6 values 169 ppm and 166 ppm of the thiadiazole
derivatives. (See the supporting information (SI) for the details).

Thermal behavior. All the compounds were investigated with the help of thermogravimetric analysis
(TGA), Polarizing Optical Microscopy (POM) and Differential Scanning Calorimetry (DSC).
Oxadiazole based compounds 1a-d were stable at least upto = 330 °C and complete degradation occurs
at around 650 °C as evidenced by TGA. (See the SI). Phase transition temperatures and enthalpy
changes obtained are presented in table 1. Oxadiazole based star shaped molecule Ia with three n-
decyloxy tails,'” exhibited monotropic columnar hexagonal (Col,) phase over a very short thermal
range (4 degrees) with a grainy texture (see the SI). Compound Ib with six n-decyloxy tails showed an
increased mesophase range (68 degrees) in comparison to Ia, with an isotropic temperature around 176
°C. On cooling the isotropic liquid dendritic texture develops which soon transforms into small pseudo
focal conics and straight linear defects interspersed with homeotropic domains. This pattern is consistent
with the texture for Col phases reported in literature.**>" Around 84 °C, DSC thermogram showed a

Table 1. Phase transition temperatures * (°C) and corresponding enthalpies (kJ/mol) of DLCs Col, = Columnar hexagonal

phase
Heating Cooling
1la Cr; 125.2 (13.8) Cr, 137.6 (98.3) I 1117.9 (27) Col,? 113.1(69) Cr
1b Cr; 51.1 (92.7) Cr, 83.4 (188.6) Cr; 107.1 (266.9) Col;, 175.6 1 174.5 (16.4) Col, 83.7 (25) Cr, 63.2 (14.2)
(184)1 Cr,
1c Cr45.6 (86.2) Col 169 (15.5) 1 1168 (12.1) Coly,; 47 (71) Coly, ©
1d Cr111.8(43.3)1 199.5 (38.6) Cr
2a Cr; 28 (10.7) Cr,141.4 (81.8) Col;, 170.2 (80.3) I 1166.1 (75) Coly, 122 (72) Cr
2b Cr 93 (466.8) Col;, 155.3 (24.9) 1 1153.1 (18.1) Col,° 65
2c Cr; 38 (24.1) Cr, 48.8 (11.2) Col;, 206.1 (34.9) 1 1205.8 (28) Coly; 46.6 (22.5) Coly,
2d Cr 98.7 (49.8) Col,, 146.3 (15.8) I 1140.8 (11.1) Col;, 84.2 (77.5) Cr

? Peak temperatures in the DSC thermograms obtained during the first heating and cooling cycles at 5 °C/min. ® The phase observed is
monotropic. © The mesophase is not crystallizing up to -20 °C
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Figure 2. Photomicrographs of textures as seen by POM for the Col;, phase (a) at 154 °C and crystalline phase (b) at 74 °C of
the compound 1b (circled region and arrow shows the change in texture); (c¢) XRD profiles depicting the intensity against the
26 obtained for the Col,, phase of compound 1b at 150 °C.
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mesophase-crystal transition with an enthalpy change of 25 kJ/mol, whereas the texture almost remained
same but with a decrease in birefringence and fluidity. There were some changes in the color of
pseudofocal conic fans and the appearance of defects in the homeotropic region (Figure 2a-b).

Powder XRD measurements were carried out to determine the symmetry of the
thermodynamically stable Col phase formed by compound 1b at temperature 150 °C. The results of
indexing the sharp reflections of these profiles to lattice of Col phase are summarized in table 2.

Table 2. Results of (hkl) indexation of XRD profiles of the compounds at a given temperature (T) of mesophases®

Compound Phase dops (A) d.. (R) Miller lattice parameters (A), lattice area S (&%),
s (T/°C) indices molecular volume V (A3)
(D/A) hid
1b (47.68)  Col,, (150) 29.44 20.44 100 a = 33.99, S = 1000.9, V = 4674.5" Z=
4.67 (hy) 193
1c (47.66) Col, 28.64 28.64 100 ](31 =33.07, S= 9473,V =4384.3, b z- 138
(160) 4.63 (hy)
29.11 29-1 100 .
Col,, 4.53 (ha) a= E?,3.61, S = 9786, V = 4428.2, Z =
(100) 139
29.97 29.97 100
4.43 (hy)
Coly, (30) a= %4.60, S = 1036.9, V = 4595.7,b Z =
*The 144

diameter (D) of the disk (estimated from Chem 3D Pro 8.0 molecular model software from Cambridge Soft). d,,: spacing observed; d.;:
spacing calculated (deduced from the lattice parameters; a for Col, phase). The spacings marked %, and A, correspond to diffuse reflections
in the wide-angle region arising from correlations between the alkyl chains and core regions, respectively. Z indicates the number of
molecules per columnar slice of thickness ., estimated from the lattice area S and the volume V. °In the absence of core-core peak, the
spacings of the alkyl chain stacking (h,) is taken for these calculations.

The X-ray profile of the Col phase showed (Figure 2c) a single strong reflection corresponding to a
Bragg spacing d of 29.44 A at the low-angle region, besides a diffuse peaks at about 4.64 A in the wide
angles. The presence of a single maximum at low angles precludes an explicit structural assignment;
however, as often found in the literature,” >’ such a pattern has been assigned to the Col phase been
ascribed to a minimum in the form factor. The presence of a sharp peak in the low angle provides the
distance between the adjacent (100) lattice planes djo, from which the lattice parameter ‘a’ can be
calculated. The intercolumnar distance for this phase was found to be 34 A, which is substantially
lower than the molecular diameter 47.7 A. This may be due to the substantial free space available for the
aliphatic chains. The diffuse halo found at 4.67 A is typical of the liquid like order within the plane.
Presence of this peak indicates that this is an ordered columnar hexagonal phase. To confirm whether
the phase lying below 84 °C is crystalline or liquid crystalline/glassy state we have carried out XRD
studies at 76 °C. The XRD profile showed several sharp reflections in the entire region (2°< 26 < 30°)
confirming that the phase in question is crystalline.

Compound 1c¢ with nine n-decyloxy tails showed an increment in the thermal range of mesophase
(123 degrees), with a transition from crystal to mesophase at = 46 °C with an enthalpy change of 86.2
kJ/mol and finally converting into an isotropic liquid at = 169 °C. On cooling from the isotropic liquid,
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it appears at 168 °C with the growth of small batonnets (Fig.3a). Further cooling results in the growth of
these batonnets and their coalescence of anisotropic domains into a mosaic texture. This Col phase
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Figure 3. Photomicrographs of textures as seen by POM for the Col,, phase of compound 1¢ (a) at 152 °C and (b) at 30 °C;
(c) DSC traces obtained for the first cooling (upper trace) and second heating (lower trace) cycles of 1¢ at a rate of 5 °C
min"'; (d) XRD profiles depicting the intensity against the 26 obtained for the Col, phase of compound 1¢

Figure 4. Schematic showing the self-organization of compound 1¢ into hexagonal columnar (Col,) lattice with inter-
digitation of alkyl tails. Space filling energy minimized (all-trans) molecular model of 1¢ derived from molecular mechanics
(MM2) method.

persists till = 47 °C undergoing a transition as evidenced by DSC with an enthalpy change of 71 kJ
(Fig.3¢). Even though this transition was observed in DSC, the texture remained same without a sign of
crystallization (Fig.3b). Figure 3d indicates the 1D intensity versus 260 XRD profiles obtained for the
high (150 °C; blue trace) and low (30 °C; red trace) temperature Col phases of the compound 1e¢. The
patterns obtained at both temperatures were qualitatively similar with a sharp single peak at low angles
and a diffuse maximum at wide angles. The spacings were however different with 28.64 A and 4.63 A at
high-temperature, and 29.97 A and 4.43 A at low temperature. As discussed for the compound 1b, we
assign the Coly structure at both temperatures. A feature that differentiates the low temperature scenario
from the high temperature one is the non shearability of the sample and unchanged optical texture of the
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mesophase below 63 °C. In conjunction with the qualitatively same XRD pattern this suggests that the
Col;, phase supercools into a glassy state. The marginal increase in the d value at low angle may be due

to the stretching of peripheral alkyl chains with a decrease in temperature. Again, the intercolumnar
distance is substantially smaller than the molecular diameter (47.7 A) estimated by the molecular model.
While this could be due to the free space available for the chains as explained for the compound 1b, it
cannot fully explain the situation for the following reason. The diameter of the molecule estimated from
the molecular model is the same for both 1b and 1c¢, but the intercolumnar distance is about 1 A smaller
for the later compound. Since the compound 1c¢ has more chains, the free volume available for each
chain must be smaller than for compound 1b. Thus, a possibility for the decreased spacing for 1¢ could
be intercalation of the peripheral alkyl tails into regions of the neighbouring molecule as shown in Fig.4.

B Cr

B Hexagonal Columnar phase

Ib
lc
Id
2a
2b
2c
2d

|

|

I|ﬂl'

Temperature (°C)

Figure 5. Bargraph summarizing the thermal behavior of compounds 1a-d and 2a-d (heating cycle)

In the case of compound 1d, with nine branched tails we expected a huge decrease in melting point.
This was expected due to the increased disorder at the periphery of these discotics due to the
branching,® but surprisingly compound 1d melted into an isotropic liquid at 112 °C without any LC
phase. No mesophase was seen either in the cooling mode; instead the crystallization occurred with
large fan like domains (Fig. S41). It is to be noted that similar oxadiazole derivative with six 2-
ethylhexyloxy branched tails exhibited a Coly, phase.'*® From these studies and as depicted in Fig. 5, it is
evident that with the increase in the number of tails from la to 1lc¢, the stability and range of the
mesophase is increased (See Fig.5). Compound 1d with the branched tails turned out to be crystalline;
showing that introduction of branching in the periphery is not favorable in enhancing the mesophase
range as in the case of conventional disc shaped LCs.”

The thermal stability of the thiadiazole derivatives 2a-d were studied with the help of TGA under
nitrogen atmosphere and found that all the compounds were stable at least upto = 325 °C with complete
degradation occuring at around 650 °C. (Fig. S51). Thiadiazole based star shaped molecule 2a with
three n-decyloxy tails showed an enantiotropic mesophase. This is significant when compared to the
short-range monotropic behavior of 1a. On heating the sample sandwiched between glass slides
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exhibited a Cr-Cr transition at temperature of 28 °C and entered a mesophase at around 141 °C. The
mesophase converted to isotropic liquid around 170 °C. The mesophase range of 30 degrees for
compound 2a is substantial when compared with its oxadiazole analogue 1a with three alkoxy tails. On
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Figure 6. Photomicrograph of texture as seen by POM for the Col;, phase at 163 °C (a); DSC traces obtained for the first
cooling (upper trace) and second heating (lower trace) cycles of 2a at a rate of 5 °C min "' (b); XRD profiles depicting the
intensity against 26 obtained for the Coly, phase of compound 2a at 140 °C (¢).
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Figure 7. Photomicrographs of textures as seen by POM for the Col,, phase (a) at 150 °C and (b) at 27 °C of the compound
2b; (c) DSC traces obtained for the first cooling (upper trace) and second heating (lower trace) cycles of 2b at a rate of 5 °C
min"'; (d) XRD profiles depicting the intensity against 20 obtained for the Col, phase of compound 2b at 140 °C and 30°C .

cooling the viscous isotropic liquid, a fern like texture developed which is consistent with the Coly
phase (Fig.6a). Further cooling leads to the coales-cence of these pattern into a mosaic texture. The
mesophase crystallized at 122 °C with an enthalpy change of 72 kJ/mol (Fig.6b). Thus it is evident that
the presence of sulphur in the molecular structure is responsible for the enhanced mesophase range. The
mesophase investigated with XRD studies at different temperatures confirmed that it is an hexagonal
columnar phase (Table 2). XRD profile at 155 °C (SI) exhibited a sharp intense peak corresponding to d
spacing of 26.4 A along with other weaker peaks centered at smaller spacings in the ratio 1: 1/43: 1/v4:
1/N7:1/3:1/V12. These values could be indexed to (100), (2-10), (200), (3-10), (310) and (400)
reflections of the Col, mesophase. In the wide angles region two diffuse peaks are found at wide angle
at 4.69 A and 3.79A, the feature becoming clearer at low temperature (Fig. 6¢). The first one is due to
the packing of alkyl tails, while the second one corresponds to stacking of the molecular cores within
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the column. The latter being stronger than the former indicates that the discs are well ordered within the
column.

Thiadiazole derivative 2b with six n-decyloxy tails, exhibited a Col mesophase over a broad range
from 93 °C to 155 °C in heating cycle. On cooling the isotropic liquid, the mesophase appeared in the

Table 3. Compound Phase dps(A)  doy Miller Lattice parameter (A), lattice area S
Results of g (T/°C) A) indices (A%), molecular volume V (A3) (hkl)
indexation (D/A) hkl of
XRD 2a (48.45) Coly, (155) 26.40 26.42 100 a =30.5;; S = 806.2; V= 30582; Z =
profiles  of 15.27 1526  2-10 179 the
compounds 13.23 321 200 at a
given 9:99 999 310
temperature 7.33 7.33 310 (T) of
mesophases 6.61 6.61 400
4.69
(ha)
Coly, (140) 3.79 2637 100
(h) 15.22 2-10 a =30.45; S = 803.0; V = 2985.3; Z =
26.36 13.19 200 175
15.23 9.97 310
13.20 7.31 4-30
9.97 6.59 400
7.32
6.60
4.74
(ha)
3.72 (he)
2b (48.43)  Coly (140) 30.72 30.72 100 a =35.47; S = 1089.7; V = 5058.2;"
4.64 Z =2.04
Col,, (100) (hg) 3144 100 a=363;S= 1413V =524213" Z=
31.40 18.15 2-10 21"
18.13 15.72 200
15.84
Coly, (30) 4.59 32.12 100
(hg) a =3709; S = 1913 V = 5306.7;
32.12 Z =214 b
4.45
(ha)
2¢ (48.42) Coly, (190) 20.35 209.35 100 a=3380S = 994.8; V = 41388;"
4.6 (hy) Z=127"
Coly, (130) 29.73 29.73 100 a=3433% S = 1020.8; V = 43235; "
4.24 Z=133 b
(he)
Col,, (30) 31.8 100 a=3672 S = 168.0; V = 495.6; "
31.80 Z=152 b
4.24
(he)
2d (37.99) Coly, (180) 26.03 26.03 100 a =30.06; S = 782.5;,V=30343; Z-=
4.63 1.07
(ha)
Col;, (108) 3.88 26.0 100
(he) a = 30.02; S = 780.3; V = 3086.4; Z =
26 1.09
4.54
(ha)
3.96
(he)

*The diameter (D) of the disk (estimated from Chem 3D Pro 8.0 molecular model software from Cambridge Soft). d,s:
spacing observed; d.: spacing calculated (deduced from the lattice parameters; a for Coly, phase). The spacings marked h,
and h, correspond to diffuse reflections in the wide-angle region arising from correlations between the alkyl chains and
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core regions, respectively. Z indicates the number of molecules per columnar slice of thickness h,, estimated from the
lattice area S and the volume V. "In the absence of core-core peak, the spacings of the alkyl chain stacking (h,) is taken
for these calculations.

form of small batonnets (Fig. 7a), which have grown in size and finally coalesced. The mesophase did
not show any signs of crystallization even at room temperature as observed under POM (Fig.7b). No
signs of crystallization were observed in the DSC scan even up to a temperature of -20 °C, thus
confirming the frozen Col structure. (Fig.7c) The XRD profile confirmed he- -xagonal columnar
structure right down to room temperature. Though these two profiles depicted a single peak at low
angles, the XRD pattern obtained at 100 °C showed more reflections at higher angles fitting into a Coly
lattice. However, reflection at wide angles corresponding to core-core stacking was not observed
indicating loose packing of the discs within the column (Fig. 7d and Table 3).
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Compound 2¢ with nine n-decyloxy tails exhibited an increased thermal range for Col phase
from 49 °C to 206 °C. On cooling from the isotropic liquid the mesophase appeared with a mosaic
texture specific to Col phase which remain unchanged at room temperature (Fig.8a). In DSC scan there
was a phase transition around 47 °C with an enthalpy change of 22.5 kJ/mol (Fig.8b), but no change in
the optical texture. The nonshearability of the compound with the unchanged texture confirmed the
glassy nature of the structure. X-ray diffraction studies carried out at 190 °C showed the mesophase is
columnar with Dg, symmetry with an intercolumanr distance of 33.9 A. Similar pattern was observed
for XRD carried out at 130 °C and 30 °C showing that the Coly, phase is of broad thermal range freezing
into a glassy state at low temperatures. This feature is favorable for charge migration with concomitant
freezing of ionic impurities.”® The molecular packing could be again of the intercalating type shown in
Fig. 9

Compound 2d with nine branched tails did not show any abrupt decrease in melting point as
expected, but exhibited a hexagonal columnar mesophase over a thermal range of 48 degrees as confir -
med by POM, DSC and XRD studies. This behavior is in con trast to its oxadiazole counterpart 1d.
These studies on com-pounds 2a-d again showed the same trend as in the case of oxadiazole derivatives
(1a-d) (Fig. 5). The mesophase range increases with number of tails while branching in the peripheral
tails the opposite effect as observed in the case of 2d. Overall, the thiadiazole derivatives exhibit
enhanced mesophase range in comparison to oxadiazole derivatives. This is more evident in the case of
compound 2a with a mesophase range of 31 degrees; in comparis-on to monotropic compound 1la.
Similarly the enhanced mesophase range of compound 2d with respect to crystalline compound 1d is an
example, reiterating the propensity of thiadiazole ring in improving the thermal behavior. We can assign
this enhancement solely to the presence of thiadiazole moiety.

Photophysical properties. Photphysical properties of these star shaped molecules in solution are
depicted in table 4. Absorption and fluorescence spectra of the compounds 1a-d and 2a-d were taken in
micromolar solutions in THE. As can be seen, the absorption spectra obtained for the solutions of 1a-d
showed a single absorption maximum in a range of 312-324 nm, while the absorption spectra of 2a-d
showed a bathochromic shift. The absorption maximum of compounds 2a-d, were centered at around
335-350 nm. Both the series of molecules showed large values of molar absorption coefficients showing
that these are highly conjugated systems (¢ = >25,000 M cm™). Based on the similarity to previous
1,3,4-oxadiazole based systems, the single absorption band of these systems is attributed to spin allowed
n- ¥ transition of the aromatic system.

Emission spectra of compounds 1a-d obtained by exciting the solutions of these compounds at
their absorption maxima showed emission with their maxima centered around 388-458 nm (Fig. 10a). It
is surprising to see that compound 1b with six alkyl tails showed a large shift in the emission maximum
with an emission maximum at 434 nm with a large Stoke’s shift of 110 nm. Such large shift in the
emission maximum accounts for the large delocalization of electron cloud when compared to compound
1la. Compound 1c¢ exhibited an emission maximum centered at 461 nm with a Stoke’s shift of 143 nm.
Compound 1d was similar to 1¢, except the alkoxy tails were branched. As expected the compound 1d
exhibited an emission maximum (458 nm, Stoke’s shift 139 nm), which did not differ much from 1ec.
This shows that number of alkoxy tails on the aromatic moiety have significant effect on the emission
properties than the nature of the alkoxy tails. Emission spectra of compounds 2a-d obtained by exciting
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them at their absorption maxima showed an emission maxima centered around 416-471 nm (Fig. 10b).
Similar to compounds 1a-d, we observed a bathochromic shift in the emission with the increase in the
number of tails as we move from 2a to 2¢, while the emission of compound 2d did not differ much from
com pound 2¢. The observed red shift in absorption and emission of thiadiazole derivatives is due to the
higher polarizability and basic nature of sulphur in the thiadiazole moiety. Quantum yields of these

Entry Absorptio Emission® Stokes shift Quantum  Agpse AE*, Efed E%%om  E*™umo
n (nm) (nm) nm (cm™) Yield' (nm) ot o
1a 312 388 76 (6378) 0.45 357 3.48 -1.24  -6.52 -3.04
1b 324 434 110 (7822) 0.43 371 3.35 -113  -6.50 -3.15
1c 318 461 143 (9755)  0.48 370 3.36 ‘134 63 -2.94
d 319 458 39 (9514)  0.47 369 337 145 -6.2 -2.83
2a 335 416 81 (5812) 0.25 383 3.24 -1.27 -6.19 -2.95
2b 350 447 97 (6200) 0.29 403 3.08 -1.21  -6.15 -3.07
2¢ 345 47 126 (7755) 031 398 312 - -6.33 -3.21
1.07
2d 345 470 125 (7709) 0.26 400 3.11 -1.25  -6.14 -3.03

Table 4. Photophysical® and electrochemical®” properties of star shaped molecules

*micromolar solutions in THF; ® the excited at the respective absorption maxima; © Experimental conditions: Ag/AgNO; as
reference electrode, Glassy carbon working electrode, Platinum rod counter electrode, TBAP (0.1 M) as a supporting electrolyte,
room temperature 4 In electron volts (eV), ¢ Band gap determined from the red edge of the longest wave length in the UV-vis
absorption spectra, /In volts v),® Estlmated from the formula Eyomo = ELumo - E g, ope, "Estimated from the onset reduction peak
values by using Eigmo = — (4.8 ~Eyjs, rerc + Ered onser) €V.' Relative quantum yield calculated with respect to quinine sulphate
solution in 0.1 M H,SO, with a quantum yield of 0.54.
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Figure 10. Normalized absorption (solid line) and emission spectra (dotted line) in THF solution obtained for 1a-d (a) and
2a-d (b) Pictures of micromolar solutions of compounds 1a-d and 2a-d in THF as seen with the illumination of 365 nm light

(©)

compounds were measured with respect to Quinine sulphate solution (in 0.1 M H,SO4 with quantum
yield of 0.54). Oxadiazole based compounds la-d showed quantum yields in the range 0.43 to 0.48,
whereas thiadiazole based compounds showed slightly lesser quantum yields ranging from 0.25 to 0.31.
As can be seen in the Fig.10c, blue light is visually perceivable in the emissive state for both the series
of compounds. Oxadiazole derivatives exhibited deep blue emission while thiadiazole derivatives
exhibited sky blue emission. This is promising as the blue light emitting materials are not only limited
but also their energy levels are high. They provide an efficient approach in fine-tuning the emission
wavelength on combining with another dopant emitter in the construction of white OLEDs.*’
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Electrochemical properties. Cyclic voltammetry (CV) gives valuable information and allows the
estimation of HOMO and LUMO levels of the organic materials. All the star shaped molecules were
investigated for their electrochemical behavior by carrying out cyclic voltammetry studies in anhydrous
micromolar THF solution. The energy levels and band gaps calculated from these studies are tabulated
in table 4. A 0.1 M solution of tetrabutylammonium perchlorate (TBAP) was used as a supporting
electrolyte in deoxygenated THF. A single compartment cell equipped with Ag/AgNOs o.1m) reference
electrode, platinum rod counter electrode and glassy carbon working electrode was used for the
experiments. The reference electrode was calibrated with the ferrocene/ferrocenium (Fc/Fc*) redox
couple (absolute energy level of —4.80 eV to vacuum).*' The cyclic voltammograms were recorded with
a scanning rate of 0.05 mVs™. All the compounds exhibited well-defined irreversible oxidation and
reduction waves (See SI). The optical band gap E,,op was estimated from the red edge of the absorption
spectra.

© HOMO O LUMO
-2.50

304 315 294 28 295 5 -3.03

-3.21

-5.25

0—O 630 620 619 -6.15 _5:_33 6.14

-6.52 -B.50 ~

Energy (eV)

-8.00
1ia 1b 1¢c 1d 2a 2b 2c¢ 2d

Compounds
Figure 11.The HOMO and LUMO energy levels obtained for compounds 1a-d and 2a-d.

Oxadiazole derivatives 1a-d exhibited higher band gaps when compared to thiadiazoles 2a-d (Table 4).
Energy levels LUMO were determined by using the formula Eyymo = — (4.8 —E 12, kere’ + Ered onset) €V,
while HOMO energy levels were determined by using the formula Enomo = Erumo - E g, opr. Oxadiazole
based compounds la-d exhibited LUMO levels -3.04 eV, -3.15 eV, -2.94 eV and -2.83 eV, while
thiadiazole based compounds 2a-d exhibited LUMO levels -2.95 eV, -3.07 eV, -3.21 eV and -3.03 eV
respectively (Fig. 11 and Fig. S49).

Experimental Section

Commercially available chemicals were used without any purification; solvents were dried
following the standard procedures. Chromatography was performed using either silica gel (60-120 and
100-200) or neutral aluminium oxide. For thin layer chromatography, aluminium sheets pre-coated with
silica gel were employed. IR spectra were recorded on a Perkin Elmer IR spectrometer at normal
temperature by using KBr pellet. The spectral positions are given in wave number (cm™) unit. NMR
spectra were recorded using Varian Mercury 400 MHz or Bruker 600 MHz NMR spectrometer (at
298K). For '"H NMR spectra, the chemical shifts are reported in ppm relative to TMS as an internal
standard. Coupling constants are given in Hz. Mass spectra were obtained from MALDI-TOF mass
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spectrometer in Laser Desorption positive mode using a-cyano-4-hydroxycinnamic acid matrix or from
High Resolution Mass Spectrometer.

The mesogenic compounds were investigated for their liquid crystalline behavior (birefringence and
fluidity) by employing a polarizing optical microscope (Nikon Eclipse LV100POL) equipped with a
programmable hot stage (Mettler Toledo FP90). Clean glass slides and coverslips were employed for the
polarizing optical microscopic observations. The transition temperatures and associated enthalpy
changes were determined by differential scanning calorimeter (Mettler Toledo DSC1) under nitrogen
atmosphere. Peak temperatures obtained in DSC corresponding to transitions were in agreement with
the polarizing optical microscopic observations. The transition temperatures obtained from calorimetric
measurements of the first heating and cooling cycles at a rate of 5 °C/min are tabulated. In the cases
where the DSC signatures are not observed for the phase transitions, the transition temperatures have
been taken from microscopic observations. Temperature dependent X-ray diffraction studies were
carried on unaligned powder samples in Lindemann capillaries (1 mm diameter) held in programmable
hot stage and irradiated with CuKa radiation (A = 1.5418 A). The samples were filled in the capillary
tube in their isotropic state and their both ends were flame sealed. The apparatus essentially consisted of
a high-resolution powder X-ray diffractometer equipped with a focusing elliptical mirror and a high-
resolution fast detector. Thermogravimetric analysis (TGA) was performed using thermogravimetric
analyzer (Mettler Toledo, model TG/SDTA 851e) under constant nitrogen flow at a heating rate of 10
°C/min. UV-Vis spectra were obtained by using Perkin-Elmer Lambda 750, UV/VIS/NIR spectrometer.
Fluorescence emission spectra in solution state were recorded with Horiba Fluoromax-4 fluorescence
spectrophotometer or Perkin Elmer LS 50B spectrometer. Cyclic Voltammetry studies were carried out
using a PAR Model 700D series Electrochemical workstation.

Conclusions

In summary, we have synthesized two series of star shaped molecules based on 1,3,4-oxadiazole and
1,3,4-thiadiazole moiety with the variation in the number and nature of the peripheral flexible chains.
These two different series of molecules were synthesized through a common intermediate demonstrating
the simplicity of the method. These compounds were thoroughly characterized and investigated for their
thermal, photophysical and electrochemical properties. The thermal behavior was studied with the help
of POM, DSC and powder XRD studies. The series based on 1,3,4-thiadiazole moiety is a new class of
molecules stabilizing Col phases. We have compared this new series of molecules with their 1,3,4-
oxadiazole counterparts to arrive at a structure-property correlation. 1,3,4-Thiadiazole based LCs
exhibited broad mesophase range, with some of them having close to room temperature crystal to liquid
crystal transitions. Many of these molecules exhibit glassy Col phase, which are beneficial for one-
dimensional conductivity. The number and type of the peripheral tails have significant effect on the
stabilization of liquid crystallinity of these molecules. Both the series exhibited blue luminescence in
solution. Oxadiazole derivatives showed deep blue emission, while thiadiazole derivatives exhibited sky
blue emission in solution state. The number and type of the peripheral tails did not have much effect on
the absorption maxima, while it showed a significant shift in the emission maxima of these compounds.
Thiadiazole derivatives exhibited little lower quantum yields when compared to oxadiazole derivatives.
Thiadiazole derivatives are new entrants to the limited member family of blue emitting self-assembling
materials. These blue emitting materials are technologically important for the fine-tuning of emission
wavelength on combining with another dopant emitter in the construction of white OLEDs. Cyclic
Voltammetry studies have shown that thiadiazole derivatives have a lower band gap than their
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oxadiazole counterparts. These 1,3,4-thiadiazole based star shaped molecules are promising because of
the ease in synthesis, stabilization of wide range hexagonal columnar phase, emission tunabilty, low
band gap and thus have a potential to be used in OLEDs.

Associated Content

The synthesis and characterization details, 'H NMR, 3C NMR and mass spectra of all new
compounds, absorption and emission spectra, POM photographs, DSC thermograms, XRD profiles of
LC compounds, TGA curves and Cyclic voltammograms are provided as electronic supporting
information. This material is available free of charge via the Internet at http://pubs.acs.org.
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